Abstract: Mass spectrometry (MS)-based precursor ion isolation, collision-induced dissociation (CID) fragmentation, and detection using linear ion-trap multiple-stage mass spectrometry (LIT MS n ) in combination with high resolution mass spectrometry (HRMS) provides a unique tool for structural characterization of complex mixture without chromatographic separation. This approach permits not only separation of various lipid families and their subfamilies, but also stereoisomers, thereby, revealing the structural details. In this report, we describe the LIT MS n approach to unveil the structures of a 2,3-diacyl trehalose (DAT) family isolated from the cell envelope of Mycobacterium tuberculosis, in which more than 30 molecular species, and each species consisting of up to six isomeric structures were found. LIT MS n performed on both [M + Na] + and [M + HCO 2 ] − ions of DAT yield complimentary structural information for near complete characterization of the molecules, including the location of the fatty acyl substituents on the trehalose backbone. This latter information is based on the findings of the differential losses of the two fatty acyl chains in the MS 2 and MS 3 spectra; while the product ion spectra from higher stage LIT MS n permit confirmation of the structural assignment.
Introduction
Tandem mass spectrometry is a powerful tool for structural analysis of unknown molecules. Tandem mass spectrometry consists of several sequential events including formation and mass selection of the precursor ions, collision induced dissociation (CID) with inert target gas for fragment ion formation, followed by mass analysis and detection of the product-ions. For tandem mass spectrometry with quadrupole (e.g., triple quadrupole, TSQ), sector, and hybrid Q-TOF instruments, these processes occur sequentially in the separate regions of the instruments and the MS/MS process is tandem-in-space. For quadrupole ion-trap (QIT) and linear ion trap (LIT) instruments, the precursor ion
Mass Spectrometry
Both high-resolution (R = 100,000 at m/z 400) low-energy CID and higher collision-energy dissociation (HCD) tandem mass spectrometric experiments were conducted on a Thermo Scientific (San Jose, CA, USA) LTQ Orbitrap Velos mass spectrometer (MS) with Xcalibur operating system. Samples in CH 3 OH were infused (1.5 µL/min;~10 pmol/µL) to the ESI source, where the skimmer was set at ground potential, the electrospray needle was set at 4.0 kV, and temperature of the heated capillary was 300 • C. The automatic gain control of the ion trap was set to 5 × 10 4 , with a maximum injection time of 100 ms. Helium was used as the buffer and collision gas at a pressure of 1 × 10 −3 mbar (0.75 mTorr). The MS n experiments were carried out with an optimized relative collision energy ranging from 25-35% and with an activation q value at 0.25. The activation time was set for 10 ms to leave a minimal residual abundance of precursor ion (around 20%). For the HCD experiments, the collision energy was set at 50-55% and mass scanned from m/z 100 to the upper m/z value that covers the precursor ions. The mass selection window for the precursor ions was set at 1 Da wide to admit the monoisotopic peak to the ion-trap for collision-induced dissociation (CID) for unit resolution detection in the ion-trap or high resolution accurate mass detection in the Orbitrap mass analyzer. Mass spectra were accumulated in the profile mode, typically for 3-10 min for MS n spectra (n = 2,3,4).
Nomenclature
To facilitate data interpretation, the following abbreviations were adopted. The abbreviation of the long-chain fatty acid such as the stearic acid attached to the C2 position of the trehalose backbone is designated as 18:0. The multiple methyl-branched mycolipenic acid, for example, the 2,4,6-trimethyl-2-tetracosenoic acid attached to the C3-position is designated as 27:1 to reflect the fact that the acid contains a C 27 acyl chain with one double bond. Therefore, the DAT species consisting of 18:0-and 27:1-FA substituents at C2-, and C3-position, respectively, is designated as 18:0/27:1-DAT.
Results and Discussion
DAT formed [M + Alk] + ions (Alk = NH 4 , Li, Na, etc.) in the positive ion mode; and [M + X] − (X = Cl, RCO 2 ; R = H, CH 3 , C 2 H 5 , etc.) ions in the negative-ion mode when subjected to ESI in the presence of Alk + and X − . For example, when dissolved in CH 3 OH with the presence of HCO 2 Na, adduct ions in the fashions of [M + Na] + (Figure 1 ) in the positive ion mode and [M + HCO 2 ] − ions (data not shown) in the negative ion mode were observed. The formation of these adduct ions was revealed by the elemental composition of the molecular species deduced by high resolution mass spectrometry (Table 1) . Upon being subject to CID in a linear ion-trap, the MS n (n = 2,3,4) spectra of both the [M + Na] + and [M + HCO 2 ] − ions contain rich structural information readily applicable for structural identification. 
The Fragmentation Processes of the [M + Na] + Ions of DAT Revealed by LIT MS n
The utility in the performance of sequential precursor ion separation, CID, and acquiring MS n spectra of LIT MS n mass spectrometry permits insight into not only the fragmentation processes, but also the structural details of the molecules. To simplify, the drawing of "Na + " is omitted from the scheme. Scheme 1. The structure of [M + Na] + ion of 18:0/27:1-DAT at m/z 1021 and proposed LIT MS n fragmentation processes*. * All the ions represent the sodiated species. To simplify, the drawing of "Na + " is omitted from the scheme.
The formation of the ions of m/z 575 from m/z 859 by loss of 18:0-FA residue at C2 may involve the participation of the hydrogen atom at C1 to form an enol, which undergoes enol-keto tautomerism to yield a stable sodiated ion of monoacyl (27:1) and does not contain labile α-hydrogen required for ketene loss. This is in contrast to the 18:0-FA substituent at C2, which possesses two α-hydrogens (Scheme 2).
the 
The Fragmentation Processes of the [M + HCO2] − Ions of DAT Revealed by LIT MS n
In The ketene loss process probably involves the participation of HCO2 − , which attracts the labile α-hydrogen on the fatty acid group to eliminate FA-ketene and HCO2H simultaneously (Scheme 2). Therefore, the low abundance of the ions of m/z 607 arising from loss of the FA-ketene at C3 may reflect the fact that the 27:1-FA substituent at C3 contains an α-methyl side chain [19, 21, 22, 31] , and does not contain labile α-hydrogen required for ketene loss. This is in contrast to the 18:0-FA substituent at C2, which possesses two α-hydrogens (Scheme 2). 
Recognition of Stereoisomers Applying LIT MS n on the [M + HCO2] − Ions
Similarly, the MS 2 Figure 5b , are attributable to the low mass cutoff nature of an ion-trap instrument. In contrast, these ions are abundant in the HCD production ion spectrum (data not shown), similar to that obtained by a triple quadrupole instrument [32] . The location of the fatty acid substituent position on the glucose skeleton is again confirmed by observation of the ions corresponding to loss of the fatty acid substituents as ketenes. For example, ions at m/z 691 and 689 (Figure 5a ) derived from losses of (HCO2H + 18:1-ketene) and (HCO2H + 18:0-ketene), respectively, pointing to the notion that both 18:1-and 18:0-FA are situated at C2 of the 18:1/24:0-, and Figure 5b , are attributable to the low mass cutoff nature of an ion-trap instrument. In contrast, these ions are abundant in the HCD production ion spectrum (data not shown), similar to that obtained by a triple quadrupole instrument [32] . The location of the fatty acid substituent position on the glucose skeleton is again confirmed by observation of the ions corresponding to loss of the fatty acid substituents as ketenes. 
Characterization of Minor Species Applying LIT MS n on the [M + HCO2] − Ions
Applying multiple-stage mass spectrometry (LIT MS n ) for consecutive ion separation followed by CID mass spectrometry is particularly useful for characterization of minor DAT species as [M + HCO2] − ions. For example, the MS 2 spectrum of the [M + HCO2] − ion of the minor DAT at m/z 989 ( Figure 6a ) gave a major [M − H] − fragment ions at m/z 943, but the spectrum also contained many unrelated fragment ions (e.g., ions of m/z 957, 930, 921, and 905) that complicate the structural identification. These fragment ions may arise from the adjacent precursor ions admitted together with the desired DAT ions for CID, due to that the precursor ion selection window (1 Da) cannot sufficiently isolate the isobaric ions (the mass selection window and injection time govern the total ions admitted to the trap for CID and >1 Da mass selection window is often required to maintain the sensitivity). Thus, fragment ions unrelated to the targeted molecule were formed simultaneously and complicating the structure analysis. However, the MS 3 spectrum of m/z 943 (Figure 6b ) contained only the fragment ions related to the DAT species, due to that the [M − H] − ions still retain the complete structure but have been further segregated, and fragment ions unrelated to the structure have been filtrated by another stage (MS 3 ) isolation. In this context, the MS 4 spectrum of the ions of m/z 589 (989 → 943 → 589; Figure 6c ), which were further "purified", becomes even more specific, due to that only the fragment ions from DAT that consists of 23:0-FA substituent at C3 were subjected to further CID. Thus, the spectrum only contained ions of m/z , and 905) that complicate the structural identification. These fragment ions may arise from the adjacent precursor ions admitted together with the desired DAT ions for CID, due to that the precursor ion selection window (1 Da) cannot sufficiently isolate the isobaric ions (the mass selection window and injection time govern the total ions admitted to the trap for CID and >1 Da mass selection window is often required to maintain the sensitivity). Thus, fragment ions unrelated to the targeted molecule were formed simultaneously and complicating the structure analysis. However, the MS 3 spectrum of m/z 943 (Figure 6b ) contained only the fragment ions related to the DAT species, due to that the [M − H] − ions still retain the complete structure but have been further segregated, and fragment ions unrelated to the structure have been filtrated by another stage (MS 3 ) isolation. In this context, the MS 4 spectrum of the ions of m/z 589 (989 → 943 → 589; Figure 6c ), which were further "purified", becomes even more specific, due to that only the fragment ions from DAT that consists of 23:0-FA substituent at C3 were subjected to further CID. Thus, the spectrum only contained ions of m/z 283, representing a 18:0-carboxylate anion, along with ions at m/z 323 and 305, representing the dehydrated trehalose anions. These results led to specifically define the 18:0/23:0-DAT structure. The spectrum (Figure 6b 
Conclusions
Sequential precursor ion isolation applying multiple-stage mass spectrometry (LIT MS n ) adds another dimension of separation in the analysis, providing a powerful tool for structural identification of various compounds. Thereby, many isomeric structures of the molecule can be unveiled in a very short period of time. By contrast, using the conventional chromatographic separation combined with a TSQ or QTOF instrument, the consecutive precursor ion isolation by MS is not achievable, and the species separation can only rely on column separation. Thus, complete separation of a complex lipid mixture with a wide range of molecular species and many isomeric structures is often difficult. Compound separation by chromatographic means also requires significantly more times [33] , as compared to the LIT MS n approach, by which the separation-CID-detection process can be completed within a very short period of time. 
Sequential precursor ion isolation applying multiple-stage mass spectrometry (LIT MS n ) adds another dimension of separation in the analysis, providing a powerful tool for structural identification of various compounds. Thereby, many isomeric structures of the molecule can be unveiled in a very short period of time. By contrast, using the conventional chromatographic separation combined with a TSQ or QTOF instrument, the consecutive precursor ion isolation by MS is not achievable, and the species separation can only rely on column separation. Thus, complete separation of a complex lipid mixture with a wide range of molecular species and many isomeric structures is often difficult. Compound separation by chromatographic means also requires significantly more times [33] , as compared to the LIT MS n approach, by which the separation-CID-detection process can be completed within a very short period of time.
LIT MS n permits ion isolation in the time sequence manner, and the separation of ions is flexible (i.e., the types of ions selected and the mass selection window of precursor ions). The selected ions become more specific, and the MS n spectrum provides more structurally specific information as the MS n stage advances, therefore, resulting in a confident and detailed structural identification. The structures of minute ion species that are often difficult to define by other analytical method can also be assigned (Table 1) . However, the sensitivity declines as the higher order of MS n stage proceeds.
Other drawback includes that a complete structural information is not necessary extractable by MS n . For example, the positions of the double bond and methyl side chain of the fatty acid substituents at C3 have not been defined in this study.
The LIT MS n approach as described here affords near complete structural characterization of a complex DAT lipid family, locating the fatty acyl groups on the trehalose backbone, and recognizing many isomeric structures. A LIT MS n approach combined with chemical reaction modification [9, 34] for locating the functional groups including the methyl, hydroxyl, and the double bond on the fatty acid substituents are currently in progress in our laboratory.
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